We report on the observation of Coulomb oscillations from localized quantum dots superimposed on the normal hopping current in ZnO nanowire transistors. The Coulomb oscillations can be resolved up to 20 K. Positive anisotropic magnetoresistance has been observed due to the Lorentz force on the carrier motion. Magnetic field-induced tunneling barrier transparency results in an increase of oscillation amplitude with increasing magnetic field. The energy shift as a function of magnetic field indicates electron wavefunction modification in the quantum dots.
I. INTRODUCTION
certain temperature range, which will be discussed in this work. Ma et al. [18] observed a voltage gap of 0.8 V, which was attributed to the Coulomb gap. However, an electric-field induced current oscillation will be more convincing to demonstrate single-electron charging effect in the Coulomb-blockade regime [25, 26] .
In this work, the conductance of ZnO nanowire transistors was characterized as a function of temperature. At low temperature, the main transport mechanism is hopping. In parallel with the hopping current, Coulomb oscillations from a localized single island or multiple islands in the nanowire were observed. With an applied magnetic field, a positive magnetoresistance was observed in the hopping transport regime. Coulomb peak height, however, increases with increasing magnetic field in spite of the magnetic field-induced confinement of the electron wavefunction. The energy shifts as a function of magnetic field are briefly discussed.
II. EXPERIMENTAL DETAILS
The indium-doped ZnO nanowires were synthesized using a vapor transport process.
More details regarding the growth can be found in ref. [27, 28] . The length of the nanowires can be up to 30 µm and the diameter varies from 150 nm to 500 nm. The nanowires were transferred from the substrate and dispersed in isopropyl alcohol, and then spin coated onto a n-type Si wafer covered with 200 nm of SiO 2 . The position of the nanowire was identified using a scanning electron microscope aided by pre-patterned registration marks. The source and drain electrodes (Ti/Au, 20 nm/100nm) were deposited on the nanowire using standard electron beam lithographic techniques and lift-off. The inset of Figure 1 shows a scanning electron microscope image of one of the devices, in which the source and drain are separated by around 3 µm. For the nanowire transistors in this work, the conductive substrate was used as the back gate. The electrical measurements were performed using a Heliox refrigerator with a temperature varying from 1.5 K to room temperature.
III. RESULTS AND DISCUSSION
A. Temperature dependent conductivity Figure 1 shows the conductivity of the nanowire as a function of temperature. It can be seen that the conductivity decreases with decreasing temperature as expected for semiconducting behavior [17, 29] . For a disordered semiconductor system, the temperature dependence of the conductivity is given by [16, 17] 
where σ i (i = 1, 2, 3) are temperature-independent resistivity parameters. E 1 and E 2 are thermal activation energies for the excitations of electrons to the conduction band and impurity band, respectively. E 3 is average hopping energy at low temperature. With this equation, the temperature dependent conductivity can be well fitted as shown by the red curve in Figure 1 attributed the average hopping energy, as reported [17, 30] . Discussion of whether VRH or NNH dominates the transport in this temperature regime is beyond the scope of this work.
B. Coulomb oscillations
The I − V characteristics of a transistor at different gate voltages at 1.5 K are shown in Figure 2 (a). It can be seen that the source-drain current (I sd ) almost linearly depends on the source-drain voltage (V sd ), indicating good ohmic contacts. I sd does not change very much with the gate voltage (V g ) from -20 V to +20 V, which means that the back gate does not sufficiently gate the whole wire. Furthermore, I sd does not increase monotonously with increasing V g . In order to understand the gate-dependent current behavior, I sd as a function of V g for different V sd is plotted in Figure 2 (b). Clearly, I sd becomes increasingly negative with more negative V sd . On top of that, the current is oscillating with V g , and this
is reproducible for different V sd . The current oscillation amplitudes increase with V sd when V sd is small, then are smeared out at large V sd . We ascribe the oscillations to the Coulomb oscillations of localized quantum dots in the wire [20] , which is due to the disordered potential within the wires [31] .
To observe the Coulomb oscillations clearly, differential conductance (dI sd /dV sd ) as a function of gate bias is usually plotted. However, in our case, I sd has a large Ohmic current background, which increases linearly with V sd . Therefore, plotting differential conductance as a function of gate bias is difficult to resolve the Coulomb oscillations. Here, differential transconductance (dI sd /dV g ) is used instead [32, 33] . The differential transconductance (dI sd /dV g ) as a function of V g with V sd from -20 to 20 mV is shown in Figure 3 of gate voltage from -14 to -7 V. For each current peak, the differential transconductance has a positive peak and a negative peak from the left side peak and the right side of the peak respectively. The Coulomb diamonds are sketched by dark grey lines. Considering the current peak spaces, the gate capacitance (C g ) is calculated to be about 0.05 ∼ 0.08 aF. Extrapolating the diamond edges, the total capacitance (C Σ ) is estimated to be about 14.5 ∼ 20 aF and the charging energy is about 8 ∼ 11 meV. However, the charging energy calculated using the stability diagram could be over estimated, because the source-drain bias was not applied directly across the quantum dots for such a long nanowire. Alternatively, the charging energy can be estimated with the periodicity and the linewidth of the oscillation peaks. With a very small V sd , the linewidth of single oscillation peak is about 3.5 k B T [34].
The periodicity corresponds to the charging energy because the gate voltage tuning with a magnitude of the charging energy is required to observe next Coulomb peak [20] . To be able to observe the Coulomb oscillations, the charging energy should be larger than the linewidth, 3.5 k B T. With a temperature of 20 K, the charging energy is around 6.1 meV, which is slightly smaller than that estimated from stability diagram.
In the case when Coulomb oscillations are induced by a single quantum dot, a regular Coulomb diamond should be produced. 
C. Coulomb oscillations in a magnetic field
To confirm the observation of a quantum dot with few electrons, magnetic field-dependent transport spectra have been used to demonstrate the electron ground state and spin effects [35, 36] . In addition, ZnO is a very promising material for spintronics application, with a high Curie temperature [37, 38] . Recently, large anisotropic magnetoresistance has been observed in GaMnAs in the coulomb blockade regime [39] . As discussed above, the transport current in our nanowire transistor has two parts; normal hopping current and tunneling current through localized quantum dots. To show magnetic dependence of the hopping current, the magnetoresistances as a function of magnetic field are plotted in Figure 4 (a). The gate voltages are selected at conductance minima, such that only hopping conductance is considered. Positive magnetoresistance is observed and increases quadratically. This positive magnetoresistance is caused by the current paths distorted in the magnetic field due to inhomogeneity. This can also be confirmed by the fact that the longtitudinal magnetoresistance is smaller than transverse one [40] .
In addition to the base current, the current amplitude of Coulomb oscillations reflects the tunneling probability and depends on the overlap of wavefunctions in the dots and in the contacts. Therefore, the conductance is sensitive to the wave function configuration within the dot [41] . Figure 4 (b) shows two oscillation peak (A and B, as shown in the inset)
intensities as a function of magnetic field in different directions. The Coulomb peak height increase with increasing magnetic field in both configurations. For both peak A and B, magnetic field-induced oscillation current increase in the case for B ⊥ I is larger than that for B I, especially at high magnetic fields. As the hopping channels are in parallel with quantum dot channel, one assumption for the peak increase could be due to that the reduced hopping current with magnetic field increases the visibility of the oscillation current; the larger the reduction of background hopping current the higher the Coulomb oscillation peak. However, this assumption can be eliminated by considering at other peaks (Peak C and D in Figure   4 (c)). For peak D, the current increases are similar for both B ⊥ I and B I. But for peak C, the oscillation current increase is actually larger for the case when B I. We therefore ascribe the oscillation current increase to the tunnel barriers becoming more transparent, as has been observed in silicon devices [42] and carbon nanotube devices [43] . with magnetic field are dominated by spin effects [41] . Overall, the peak separations increase with magnetic field, which is attributed to magnetic field-induced additional confinement.
That the intensity of the peaks increase with magnetic field is due to magnetic field-induced transparency as shown in Figure 4 . The energy shift as a function of magnetic field could be due to a couple of reasons. Firstly, it could be due to the Zeeman effect. For ZnO, the Zeeman energy calculated from gµ B B, is about 1.1 meV for 10 T, where g is the g-factor for ZnO and µ B = e /2m e , the Bohr magneton. Secondly, the influence of the magnetic field on the energy levels of quantum dots can be due to a shell filling effect of the dot with a 2D harmonic confining potential [35], although no specified electron number states can be assigned here. Finally, it is possible that multi dots contribute to the current in the Coulomb blockade regime, and that the peak shift is induced by the different conduction paths between different dots when the magnetic field modifies the potentials between the dots and the leads. The intensity dependences of P15 and P16 in Figure 6 on magnetic field could be due to this.
IV. CONCLUSIONS
In conclusion, we have demonstrated a single-electron charging effect of localized quantum dots in ZnO-based nanowire transistors. Clear Coulomb oscillations have been observed with a temperature up to 20K. The nanowire conductance decreases with magnetic field because of the Lorentz force on the electrical transport path. The conductance of the Coulomb peak, however, increases with magnetic field due to the reduced tunnel barrier. Magnetic fielddependent energy level shifting could be due to the Zeeman effect, the shell filling effect and magnetic field induced confinement. We believe that transport in ZnO nanowire transistors in the few-electron regime will be useful in understanding the nanowire transport and doping mechanisms, making ZnO nanowires more promising for applications in optoelectronics [4] , spintronics [37] and quantum information science [23] . 
